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Introduction
A briefly presented line drawing of an object is named faster and more accurately on its second presentation than on its first. This facilitation in naming speed and accuracy, termed priming, is largely a visual effect rather that a consequence of faster access to the object name, its entry-level concept, or general practice in the task, in that an image with the same name (and entry-level concept) but a different shape shows considerably less priming than the original image (Bartram, 1974) . In a series of experiments, Biederman and his associates (Biederman & Cooper, 1991a; Biederman & Cooper, 1991b; Biederman & Gerhardstein, 1993; Cooper, Biederman & Hummel, 1992) showed that visual priming of line drawings was invariant over changes in position, mirror-image reflection, size, rotation in depth, and the particular edges and vertices that were present in the image as long as the same simple parts (geons) could be activated.
All the experiments exploring these invariances were done with line drawings that captured the orientation and depth discontinuities, but neither the continuous luminance variations that could define surface curvature, nor the irrelevant surface markings of the given object 1 . Biederman (1987) argued that a representation of the orientation and depth discontinuities of an object preserved by a line drawing was generally sufficient for accounting for the real-time access to the entry-level representation of an object, if the object is composed of two or more distinct parts. Consistent with this conjecture, Biederman and Ju (1988) reported that simple line drawings of objects showing only the objects' major parts were identified about as rapidly and as accurately in brief presentations as full colored, detailed slides of those objects. 2 Equally fast correct identification of line drawings and gray scale images and size invariant priming with line drawing stimuli do not imply that priming with gray scale images will also be size invariant. Equivalence in time and error rates in identification tasks suggest only that information conveyed by the two types of representation are equally sufficient for the visual 1 Throughout this paper the term "line drawing" always refers to such drawing as opposed to drawings with excessive surface markings.
2 Biederman and Ju (1988) conjectured that a contribution from surface information would be expected if the objects did not have a characteristric part shape. This conjecture was confirmed in a study by (Biederman, Hilton, & Hummel, 1991) who reported a considerable gain from the presence of texture contours in the recognition speed of blobby, single part objects. Wurm et al. (1993) provided additional confirmation in a study of the recognition of food objects which also do not have well defined part shapes. The identification of such entities was facilitated when presented as gray level images rather than as line drawings.
system for fast identification purposes. Representations of the stimuli induced by the input which are responsible for the priming effect might be substantially different for line drawings than for gray scale images. Whereas a line drawing represents only the discontinuities, a gray scale image represents continuous luminance variation across an object's surfaces. Insofar as surface information is conveyed by a larger range of spatial frequencies with more complex characteristics, it is possible that size invariance would not be manifested with gray scale images. In order to test this issue we report here a replication of the investigation of size invariance by Biederman and Cooper (1992) using gray scale images.
Experiment 1
This experiment replicated the essential features of the Biederman and Cooper (1992) priming experiment as closely as possible with one important exception: 8-bit gray scale images were used as stimuli rather than line drawings. As in the Biederman and Cooper experiment subjects named, as quickly as possible, briefly presented pictures of common objects at one of two possible sizes in the first block. In the second block they named images that were either identical or had the same name but different shape, such as a round lock and a square lock (two exemplars of the same category). Half of these images was at the same size and the other half was at a different size than they were in the first block.
As in the Biederman and Cooper (1992) and Bartram (1974) experiments, adopting samename-different-shaped exemplars allowed assessment of whether the priming (if any) was mainly visual or semantic. The degree to which the identical image revealed greater priming than the different-shaped exemplar provided an estimate of the degree to which the priming is visual, rather than a consequence of activation of an entry-level concept or name. The estimate is actually an underestimate in that, on average, the two exemplars of an object class are quite similar in shape. (For example, they are considerably more similar in shape than members of different classes.) Therefore, some of the priming attributed to nonvisual factors (viz., activation of concepts or names) is actually visual.
2.1 Method 2.1.1 Subjects. Thirty-two native English speakers with normal or corrected-to-normal vision participating for credit points in their Introductory Psychology course. They were naive with respect to the goal of the experiment.
2.1.2 Stimuli. Each of the 64 pictures (32 categories X 2 exemplars) was taken by a Hi-8 video camera (Sony CCD-TR101), and transferred into a Macintosh computer by a frame grabber (VideoSpigot). The pictures were taken against an off-white homogeneous clothes background, under strong, uniform diffuse lighting conditions that prevented coincidental shading and specular hotspots, and produced reasonably good contrast and brightness. The images were resized to two sizes so that viewed from a distance of 1 meter they fit into a circle with diameter of either 6.2° or 3.5°. These sizes are the same as the ones used in Biederman and Cooper (1992) . For 24 of the 32 categories the object names used in the present experiment were different from those used in Biederman and Cooper (1992) . For four of the eight categories with the same names as Biederman and Cooper (1992) both gray scale exemplars were similar in appearance to the line drawings; in the remaining four categories only of the two exemplars were similar in appearance to those of the line drawing exemplars. Figure 1 shows examples of images from the present experiment and Biederman and Cooper's experiment where one or both pictures had objects with similar appearance. The figures were cut out from their original background, and placed against a white background. In the experiments the images were presented on a 16' Apple monitor (832*624 pixels resolution) from 1 meter viewing distance. 2.1.3 Procedure. The procedure followed closely that employed by Biederman and Cooper (1992) . The subjects pressed a mouse button to start each trial. A fixation dot would then be presented for 500 ms, followed by a 100 ms presentation of the object picture, duration too brief for a second eye fixation. The picture was followed by a mask. The subjects were instructed to name the object after pressing the mouse as quickly as they could using basic level categories, ignoring any variation in sizes. The category names were not given in advance, but subjects were told that the objects are everyday objects. The naming RTs were measured by means of a voice key (LaFayette Inst. Co. Mo:18010). Subjects were given feedback regarding the correct name and their response time after each trial. A response was recorded as an error if it was not the correct basic level class (but was accepted if it was a variant of the correct class, e.g., hat instead of cap), if there was a false start, or if it was not made within two seconds. This procedure was exactly the same for the first and the second blocks.
2.1.4 Design. Each subject named 32 pictures of objects on each of the two blocks. In each block half of the objects were large, the other half small. On the second block each object could appear either at the same size or at the other size. Half of the objects in the second block were different exemplars of the objects shown in the first block. One quarter of the pictures were in one of the four possible conditions (two sizes X two exemplars) for each subject. The sequences of images were balanced across subjects so that the mean serial position of every object in every condition of size and exemplar type was equal, so that all objects appeared equally often in the four conditions. Approximately seven min. intervened between the first and the second presentation of an object.
Two analyses of variance (ANOVAs) were computed -one for RTs and the other on error rates of the second block data. The fixed factors of these ANOVAs were exemplar (same vs. different), and size (same vs. different), the random factor was subjects.
Results
The results are shown in Figure 2 . Substantial block 1 to block 2 facilitation in performance was evident in that mean correct RTs and error rates were lower by 150 ms and 8% on the second trial block than on the first, t(31)= 11.93 and 5.84, for RTs and errors respectively, both ps < 0.001.
In the analysis of the second block data only those trials were included in which the subject correctly identified that object on the first block. This procedure did not affect the pattern of the results in any significant way, since it meant the exclusion of typically no more than two or three objects per subject. On the second block the overall mean (same sized and different sized images) of the different exemplar trials was 35 ms greater than the mean of the same exemplar trials, F(1,15) = 7.14, p < 0.012. This result establishes that a portion of the priming was indeed visual. (It will be recalled that the 35 ms value underestimates the magnitude of the visual component of priming in that the different exemplars for the same name class were moderately similar in shape to each other.) The high reliability of this 35 ms difference indicates the sensitivity of the experiment for detecting relatively small effects. The error rates for the different exemplar trials was 3.53 % higher than for the same exemplar trials, though this effect fell just short of significance, F(1,15) = 3.88, p < 0.058. There was no effect of size disparity on second block RTs or error rates. Overall, there was a 3-ms advantage for objects with the same size, F(1,15) < 1.00. (A 13 ms advantage for the samesize condition with the same exemplars was balanced by an 11 ms advantage for the differentsize condition with the different exemplars. This interaction between exemplars and size disparity was not significant, F (1,15) = 1.37, p > 0.25.) The overall error rate in the second block was 4.6%. The main effect for size disparity was nonsignificant, F(1, 15) < 1.05, p < 0.45. There was no significant interaction between size and exemplars for the error rates, Figure 2 . Reaction times and error rate results from the experiment. Second block results are significantly lower both for reaction times and error rates, there is no effect of size disparity, but there is a main effect of exemplar. (Error bars on Block 2 show the standard errors of the difference scores between each subject's mean score on Block 2 and her or his mean score for that condition.)
F(1,15) <1.00. The experiment was sufficiently sensitive to detect as significant a 25-ms effect on RTs and a 6.5% effect on error rates at α = .05.
In agreement with these results a post hoc Duncan test revealed no size effect with same exemplars (p >0.34), and a significant exemplar effect (collapsed over sizes) (p<0.006) on reaction times at α = .05. Similarly, for error rates the Duncan test found no size effect (p>0.8) and an exemplar effect that felt just short of significance (p<0.056) at α = .05.
Discussion
Except for the type of stimuli, the design and procedure of this experiment was almost identical to Experiment I. Figure 3 shows the results from their experiment. It is evident from the comparison of the results in Figure 2 and 3 that the present experiment with gray scale images replicated all the major findings of : There was a significant visual priming from the first block to the second, a significant exemplar effect, and no effect of size.
The line drawings were much easier to name --overall RTs were 173 ms faster and error rates were 7.1% lower for the Biederman and Cooper (1992) line drawings than for the gray scale images for the present experiment. This result does not necessarily mean that, in general, identifying line drawings is less difficult than identifying gray scale images. In order to draw such a conclusion much more elaborate control of the stimuli is necessary. In the case of gray scale images this would involve control for optimal brightness, contrast, shading (cf. Wurm, Legge, Isenberg, & Luebker, 1993) , and for line drawings it would require careful selection of relevant lines. Moreover, the line drawings stimuli should be derived from the corresponding gray scale image to preserve the same visual angle and pose (Biederman & Ju, 1988) . The present study did not investigate these variables.
The amount of priming was larger in the case of gray scale images compared to line drawings-a 150 ms reduction in RTs and an 8% reduction in error rates for the gray scale images, compared to 79 ms and 5.3% for the line drawings. The greater degree of priming for the gray scale images is consistent with the general findings that more difficult perceptual tasks show larger visual priming effects (V. Bruce, personal communication, (1990) , E.E. Cooper, personal communication (1991) ), if only because floor effects obscure opportunities for priming.
The finding of size invariance thus appears to be a general phenomenon; independent of the relative difficulty of naming line drawings and gray scale images as well as the magnitude of priming, under the conditions that were studied in the present and the Biederman and Cooper (1992) experiments.
In a calibration experiment was carried out to determine the effect of image size on RT. The results showed that mean reaction time changed considerably as a function of the size of the presented images. The function had a U shape with minimum RTs between 4.5° and 5° of visual angle. The two sizes used in the Biederman and Cooper experiment were selected so that they would yield equal mean predicted RTs. In the present experiment with gray scale images no such calibration was done, therefore it could be that images presented at small and at large sizes in the first block contributed very differently to the priming. For example, in the first block subjects could make more errors in naming small objects with a 100 ms exposure. This would mean that the priming effect in the second block would disproportionately be a function of the large objects on the first block .
In order to evaluate this possibility the results were analyzed by breaking them down into two groups: data coming from objects presented at a large size in the first block (LF), and data from small objects in the first block (SF). Figure 4 shows that, in the first block, objects presented at small and large sizes were recognized with only negligible differences in RT and There was no significant difference in RTs and error rates due to the size at which the object was presented in the first (priming) block.
error rates. This suggests that the priming effect measured in the second block was unlikely to be disproportionately a function of one of the two sizes.
Figure 4 also shows the LF-SF breakdown of the second block results. The reaction time results show no significant differences, only slightly lower SF times in three of the conditions. The means of the error rates for LF and SF trials are close to each other.
General discussion
The major result of this study is that it confirms and extends the results of to gray scale images. The priming of gray scale images reveals the same invariance over size changes as was shown with line drawings.
We note that the experiment brings closer two different lines of shape perception research by using stimuli with visual quantities typical in one of the lines, and investigating these stimuli with tools of the other line. The first line is concerned with gray scale information of the image. Experiments in this domain are usually testing low level psychophysical quantities like contrast or brightness of the image (Kukkonen, Rovamo, Tiippana, & Nasaren, 1993; Wilson & Humanski, 1993) , spatial frequency (Thomas, Olzak, & Shimozaki, 1993) , or texture (Blake, Bulthoff, & Sheinberg, 1993; Graham, Sutter, & Venkatesan, 1993) , with simple stimuli like gratings, plaids, Gabor patches and texture gradients. Only a small number of these experiments have used higher level object or scene stimuli, mostly for analyzing the statistical properties of such images (Field, 1994; Tadmor & Tolhurst, 1994) . The experiments in the other domain work with highly symbolized stimuli (line drawings, symbols like triangles and circles, or letters), and target more abstract issues like priming, attention, and object recognition (Biederman & Cooper, 1991b; Farell & Pelli, 1993; He & Nakayama, 1994) . There were only few results tested by stimuli interpretable in both of these two domains, mostly in the form of comparisons as to whether colored or gray scale images are easier to recognize than line drawings (Biederman & Ju, 1988; Wurm, Legge, Isenberg, & Luebker, 1993) . This study presents one example when a result testing the internal representation of line drawings assessed in the domain of real pictures.
Our experiment did not directly assess whether smooth surface luminance variation by itself could lead to a size invariant representation but the constancy in the appearance of smooth objects as their distance to the viewer is varied would suggest that the representation of depth through smooth surface variation is, like the representation based on discontinuities, also size invariant. However the near equivalence of line drawings and gray level images in recognition speed (Biederman & Ju, 1988) , and the size invariance of line drawings would suggest that there is typically little contribution from such surface variation to realtime object recognition.
Our results indicate that processes that are responsible for size invariance in priming line drawings are not unique to the way humans process line drawings, but are more general in that they hold for gray level images as well. This suggests that the representations of objects in the human visual system are based on features that can be derived from different types of input stimuli. This result is in agreement with the findings of (Sary, Vogels, & Orban, 1993) who reported that the shape selectivity of many inferotemporal (IT) cells, presumed to represent objects for purposes of invariant recognition, is independent of whether the shape was presented by luminance, texture, or motion cues (Sary, personal communication, 1994) . Our result suggests that the common underlying representation that allows invariance for these varied inputs is well captured by a representation of the orientation and depth discontinuities of the image.
